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Abstract: Theoretical analysis is presented for a pitch-variable blazed 
grating which consists of freestanding silicon beams. The pitch-variable 
blazed grating is implemented by combining silicon-on-insulator (SOI) 
technology with microelectronicmechanical system (MEMS) technology. 
The whole device is fabricated on a 10µm silicon device layer to guarantee 
sufficient stiffness. The 4-level blazed surface profile is realized by 
combining a two-mask process with fast atom beam etching. Electrostatic 
combdrive microactuators with double folded springs are proposed to 
stretch the freestanding grating beams. In association with reactive ion 
etching and vapor HF release, the freestanding grating beams and the 
microactuators are obtained, and a Cr/Au film is deposited onto the blazed 
grating surfaces by a protective mask process to improve the diffracted 
power. Mechanical response and diffraction efficiency of fabricated devices 
are characterized, and the experimental results indicate that the fabricated 4-
level blazed gratings extend both the tuning range and the diffraction 
efficiency of the 1st diffraction order of present MEMS diffraction gratings. 
2009 Optical Society of America  
OCIS codes: (220.4241) Nanostructure fabrication; (230.5298) Photonic crystal; (260.5740) 
Resonance. 
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1. Introduction  
Diffraction gratings are commonly used in optical components [1, 2, 3], which split light into 
several beams travelling in different directions. To tune light through diffraction, 
microelectronicmechanical systems (MEMS) are a promising solution. Several wavelength-
tunable MEMS gratings have been developed for various applications [4-12]. There has also 
been substantial industrial R&D on high-efficiency MEMS gratings; specific examples 
include the following technologies: Sony GxL, Kodak GEMS and Samsung SOM [13, 14, 
15]. On the other hand, high diffraction efficiency is important for diffraction gratings used in 
the field of telecommunication and spectroscopy. In order to obtain high output, diffraction 
gratings with a blazed surface profile have been reported by using dose-variable electron 
beam lithography [16, 17] and angle-controllable etching [18, 19]. However, the fabrication 
processes for these passive devices are costly and time consuming. Anisotropic etching in 
silicon has also been developed for generating a blazed surface profile with a fixed angle of 
54.7° [10, 20], and a special nanoimprint lithography is also reported to fabricate 200nm 
period gratings with a 7° blazed angle for X-ray telescopes [21]. For our first-generation 
silicon blazed grating, the reflected output is found to be limited, and complicated interference 
in the silicon device layer also influenced the diffraction properties [22]. Moreover, since the 
pitch-variable grating was not analyzed theoretically, the general properties and limits of the 
proposed grating were not fully revealed. 
This paper analyzes a pitch-variable blazed grating comprised of freestanding silicon 
beams with a blazed surface. The pitch-variable blazed grating is implemented by combining 
a silicon-on-insulator (SOI) technology with MEMS technology. The 4-level blazed surface 
profile is defined by a two-mask process, and top silicon is etched by fast atom beam (FAB) 
to generate the high lateral resolution. In association with reactive ion etching (RIE) and vapor 
HF release, the freestanding grating beams and MEMS actuators are realized on a 10µm 
silicon device layer, which can provide sufficient stiffness to the whole device. A Cr/Au film 
is successfully deposited onto the blazed grating surfaces to improve the diffracted power by a 
protective mask process. The displacements are measured by applying voltage to the 
microactuators, and optical experiments are performed to characterize the diffraction 
properties of the fabricated blazed gratings. 
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2. Theoretical approach 
Figure 1(a) shows the cross sectional schematic diagram of the silicon pitch-variable blazed 
grating. The grating consists of silicon beams with a top surface blazed for the first order 
diffraction beam. The light is diffracted in different directions, and the directions of the light 
beam depend on the spacing of the grating and the wavelength of light so that the diffraction 
grating acts as a dispersive element. In case that the top surface of the beam is coated by a 
reflective metal film, the incident light on the beam is mostly reflected by the metal film at the 
blazed angle that corresponds to the first order beam. Here, the grating beam period is 
expressed by P and the width of each beam is denoted by a. The expansion of the freestanding 
grating beams is realized by the microactuators; hence, optical response can be tuned in 
response to a change in grating period P. The duty ratio d (=a/P) decreases with the increase 
of P. Since light is transmitted in the region between the grating beams, the duty ratio denotes 
the fraction of the light reflected by the grating. Increasing the duty ratio, the reflected light is 
expected to increase, but it becomes difficult to fabricate the narrow gap between the gratings. 
To the limit of d =1, the grating surface profile under stationary condition corresponds to that 
of a conventional blazed surface grating. 
In the case that a reflective metal film coats the top surface of each beam, the grating 
works as a phase and amplitude grating with a binary reflectance. The reflectance of the 
grating is given by the equation, 
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where h is the blazed height of the blazed grating shown in Fig. 1(a). The intensity of each 
diffraction order beam is proportional to the Fourier expansion coefficient of the reflectance R 
under a plane wave incidence [10, 23, 24]. Therefore, the intensity in the k th order diffraction 
beam can be expressed as, 
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In our work, continuous blazed profiles are approximated by 4-level stair steps as shown 
in Fig. 1(b). Gold film acting as the reflective material is deposited onto the blazed surface to 
improve the diffraction efficiency. Figure 1(c) shows the normalized diffraction efficiency 
I(k) in the first order as a function of the grating duty ratio d. For a continuous blazed grating, 
the normalized I(k) becomes unity at d=1, which corresponding the conventional blazed 
grating. Therefore, as is well known, for the conventional blazed grating without a pitch-
variable mechanism, 100% blazed efficiency is obtained theoretically. For the planar-surface 
case shown in Fig.1(a), the grating functions as an amplitude grating and its efficiency is low. 
Compared to the planar-surface profile, the maximum blazed efficiency is greatly improved 
from 10.1% to 40.5%, 81.1% and 95% for 2-level, 4-level and 8-level blazed gratings, 
respectively. Due to the gap between the grating beams in the case of the pitch-variable 
grating, the loss of reflection cannot be avoidable. As shown in Fig. 1(c), the diffraction 
efficiency decreases faster than the linear decrease of the reflection area in response to a 
decrease in the duty ratio d. For a continuous blazed grating, the efficiency is equal to 0.32 at 
the duty ratio of 0.5. In the region of d higher than 0.8, the decrease in diffraction efficiency is 
relatively compared to the linear decrease of the reflection area. Therefore, the filling factor of 
the pitch-variable grating is designed to be 0.8, where the efficiency is 0.75. 
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Fig. 1. (a)&(b) Schematic diagram of a pitch-variable blazed grating; (a) continuous blazed 
profile; (b) 4-level blazed profile; (c) the 1st order diffraction efficiency as a function of the 
grating duty ratio; (d) the 1st order diffraction efficiency of variable grating period calculated 
by RCWA. 
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The optical response of the 4-level blazed grating is also simulated by using the rigorous 
coupled-wave analysis (RCWA) method, which can provide more precise analysis compared 
to the scalar approximation. A commercial implementation (G-Solver) of the RCWA code is 
used for the simulations. The average diffraction efficiency versus the variable grating period 
is calculated in the range 1460nm~1580nm for the 1st diffraction order beam of transverse 
electric (TE) polarized incident light (the light is polarized parallel to the linear grating 
surface) and transverse magnetic (TM) polarized incident light (the light is polarized 
perpendicular to the linear grating surface), respectively. The grating period is 20µm, and the 
step height is 150nm, equal to the thickness of gold film. The devices are supported on a 
10µm silicon device layer, and the initial separation trenches have a width of 4µm (d=0.8), 
larger than the target wavelength. Hence, approximately 20% of the light is lost due to the 
separation trenches. As shown in Fig.1(d), the average diffraction efficiency is around 0.592 
under TE polarization and 0.521 under TM polarization, and the scalar theoretical limit is 
around 0.56, which doesn’t take polarization into account. The scalar theoretical limit agrees 
well with the RCWA simulation results. The duty ratio d decreases when the grating is 
stretched. A relatively linear decrease in diffraction efficiency is observed in response to a 
small decrease in the duty ratio d. The diffraction efficiency does not change very much with 
an increase in grating period by the microactuator.  
3.  Device design and fabrication  
One set of opposing electrostatic combdrive actuators are proposed to translate the 
freestanding grating beams, which are supported by the anchors, as shown in Fig.2(a). The 
anchors split the grating area into two symmetric parts. Here, the comb finger is 3µm wide, 
10µm thick, and 45µm long and the gap between the comb fingers is 3µm. One pair of 
doubled folded springs is utilized in each microactuator, and the width bs and the length Ls of 
the actuator spring are designed to be 3µm and 300µm, respectively. Adjacent grating beams 
are connected by the finger springs, and the width bf and the length Lf of the finger spring are 
designed to be 3µm and 150µm, respectively. Thus, the calculated total stiffness is 
approximately 2.76N/m. The pitches of the designed gratings are 10, 12.5, 15, 17.5 and 20µm, 
respectively. 
The pitch-variable 4-level blazed gratings are realized on a SOI wafer with a 10µm silicon 
device layer, 1µm buried oxide layer, and 200µm silicon handle layer. The 4-level blazed 
surface profile was defined by a two-mask process [20]. The top silicon was etched by FAB, 
which was performed with an etching rate of approximately 15nm/min at the high voltage of 
2.0kV and the accelerated current of 20mA. The third mask was used to pattern the 
microactuators, finger springs, anchors and separation trenches, and the silicon device layer 
was etched down to the buried oxide layer by RIE. And then, the silicon handle layer was 
patterned from backside by photolithography. Deep RIE was used to etch through the silicon 
handle layer under movable part region, and the buried oxide layer acted as a definite etch 
stop. The freestanding structures were then generated by removing the remained buried oxide 
layer in vapor HF. Finally, a 5nm/150nm Cr/Au film was deposited onto the blazed grating 
surfaces by a protective mask process. 
4.  Experimental results and discussion  
Figure 2 shows the scanning electron microscope (SEM) images of the freestanding tunable 4-
level blazed grating. The Cr/Au film is successfully deposited onto the grating surfaces and no 
sticking problems are observed in the grating area, as shown in Fig. 2(a). It is noted that the 
silicon substrate is removed under the grating region to prevent reflection noise. The 
fabrication capability employed here has a minimum linewidth of 2µm, and the fabrication 
tolerance is improved in response to an increase in grating period. Fig. 2(b) and (c) illustrate 
the 20µm and 15µm blazed gratings respectively. Fig. 2(d) illustrates the cross-sectional view 
of 4-level blazed gratings fabricated on a referenced silicon wafer. The grating period is 
10µm, and additional structures are found in the grating areas. The deviations between the 
profile generated in reality and the ideal element are caused by a small lateral misalignment in 
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multi-mask process. Such deviations from the ideal surface profile will result in a reduction of 
the diffraction efficiency in the desired signal orders. 
   
   
Fig. 2. SEM images of tunable freestanding 4-level blazed gratings. (a) the freestanding device; 
(b) the magnified view of 20µm period grating; (c) the magnified view of 15µm period grating; 
(d) the cross-sectional view of 4-level blazed gratings. 
Pitch-variation of fabricated devices is characterized by applying voltage to the 
microactuators, and the displacement is observed under a microscope. Figure 3 shows optical 
images of the grating beams during driving. Fig. 3(a) shows the initial state and Fig. 3(b) 
shows the grating beams with 100V applied. The shift of the movable comb fingers results in 
a stretching of each grating. Based on the theoretical model, approximately 16µm shift can be 
achieved by applying 100V to the designed microactuators. The tuning range depends on 
grating period and grating number. For a 20µm period grating with grating number of 19, 
0.84µm elongation in each grating can be realized; hence, the periodicity tuning ((P(V)-
P(0))/P(0)) is about 4.2%, corresponding to a tuning range of 65nm at a wavelength of 
1550nm. Though a little deviation can be observed between the measurement and the 
simulation (especially for high voltage), large displacement of movable comb finger is 
experimentally proven with high voltage applied as shown in Fig. 3(c). For a 20µm period 
grating, a relative tuning (P(V)-P(0))/P(0) of approximately 4% can be experimentally 
realized, higher than the reported 2.5% periodicity tuning [9]. The periodicity tuning can be 
greatly increased for blazed gratings with small period. 
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Fig. 3. (a) Optical images of the grating beam at the initial state; (b) with 100V applied; (c) 
Measured and simulated displacement versus applied voltage. 
A beam of polarization controlled light from a tunable laser (Agilent 81682A) is used as 
the light source, and the 20µm period blazed grating is measured at a range of 
1460nm~1580nm. Figure 4(a) shows the diffraction pattern as a function of wavelength, 
which is captured by an infrared camera. The diffracted power is mainly concentrated on the 
1st diffraction order, which is also confirmed by the measured 1st diffraction efficiency. As 
shown in Fig. 4(b), the average diffraction efficiency is around 0.468 under TE polarization 
and around 0.402 under TM polarization, respectively. The experimental spectra are 
normalized to that of commercial gold mirror. The periodic ripple is caused by the fluctuation 
in measurement. Although the measured diffraction efficiency is lower than the calculated 
diffraction efficiency due to the fabrication deviations from the ideal 4-level blazed grating, 
the fabricated 4-level blazed gratings extend the diffraction efficiency of existing MEMS 
diffraction gratings, in which a 9.5% diffraction efficiency of the 1st diffraction order is 
reported with a planar-surface profile [5]. 
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Fig. 4. (a) Diffraction pattern versus wavelength obtained from infrared camera; (b) Measured 
and simulated diffraction efficiency of 20µm period grating. 
5. Conclusions 
We described a SOI process for implementing the pitch-variable blazed grating in association 
with MEMS technology. The 4-level blazed surface profile is realized by combining a two-
mask process with FAB etching. The freestanding grating beams and MEMS actuators are 
achieved on a 10µm silicon device layer, which can provide sufficient stiffness to the whole 
device. A Cr/Au film is successfully deposited onto the blazed grating surfaces to improve the 
diffracted power by a protective mask process. Mechanical response and diffraction efficiency 
of fabricated devices are characterized, and the experimental results indicate that the 
fabricated 4-level blazed gratings extend both the tuning range and the diffraction efficiency 
of the 1st diffraction order of present MEMS diffraction gratings. 
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